Purpose: Preclinical models have shown that the effectiveness of GL-ONC1, a modified oncolytic vaccinia virus, is enhanced by radiation and chemotherapy. The purpose of this study was to determine the safety of GL-ONC1 when delivered intravenously with chemoradiotherapy to patients with primary, nonmetastatic head and neck cancer.
Introduction
Squamous cell head and neck cancer is a major cause of morbidity and mortality, affecting over 40,000 patients per year in the United States. For patients with locoregionally advanced disease, multimodality therapy with chemotherapy and radiotherapy improves organ preservation and survival, although longterm disease-free survival is often below 50% (1) (2) (3) (4) (5) . Patients with tumors negative for human papillomavirus (HPV) have particu-larly worse outcomes, with 3-year overall survival less than 60% (6) . Therefore, novel treatment strategies in conjunction with standard therapy are needed to improve disease control and survival.
Oncolytic viruses represent a promising gene therapy strategy to treat cancer. Vaccinia is a virus in the poxvirus family that has been used as a vaccine for smallpox and has also been found to have independent oncolytic activity. Because of its long history of use in humans and favorable safety profile, vaccinia may be more desirable than other classes of oncolytic viruses. Previous preclinical and early clinical studies of recombinant poxviruses have shown safety and potential efficacy of this treatment approach (7) (8) (9) .
GL-ONC1 is a genetically engineered oncolytic vaccinia virus (VACV) developed as a novel class of immunotherapeutic agent for cancer therapy (7, (10) (11) (12) . Preclinical studies of GL-ONC1 have demonstrated independent oncolytic efficacy in a wide range of tumor types in both in vitro and in vivo models (11) (12) (13) (14) (15) (16) . The cytotoxic effect of GL-ONC1 is also enhanced when combined with radiation or chemotherapy. In preclinical studies (17) , the addition of radiation or chemotherapy to GL-ONC1 resulted in enhanced cell kill and increased viral replication in irradiated tumors (17) (18) (19) (20) (21) (22) . In particular, viral infection increases the S-phase and sub-G 1 cells and induces apoptosis via activated caspase-3/7 (19) . Furthermore, it has been shown that the combination of radiation with genetically modified vaccinia increases cytotoxicity and apoptosis due to attenuation of the JNK pathway and ERK MAPK phosphorylation in BRAF-mutant melanoma cells (20) . These studies support the hypothesis that the oncolytic effects of vaccinia could be enhanced in the presence of chemoradiotherapy.
GL-ONC1 has been clinically tested as a single agent for systemic or regional delivery but has never been tested in combination with concurrent chemotherapy or radiotherapy. The purpose of this phase I study was to determine the MTD and safety of GL-ONC1 when delivered intravenously with concurrent chemoradiotherapy to patients with primary, nonmetastatic head and neck cancer.
Materials and Methods

Study design and patient population
This study was a single-institution phase I dose escalation clinical trial of GL-ONC1 in patients receiving concurrent chemoradiotherapy for locoregionally advanced head and neck cancer. The primary endpoint was to determine the MTD of GL-ONC1 and the dose-limiting toxicities (DLT). Secondary endpoints included the susceptibility of tumor to viral infection in cell culture, tumor tissue analysis for the presence of virus after GL-ONC1 administration using qPCR and/or viral plaque assay (VPA), and to analyze therapeutic outcomes, including tumor response, progression-free survival (PFS), and overall survival (OS).
Patients were eligible for enrollment if they had newly diagnosed, biopsy-proven, unresected stage III-IVB primary head and neck carcinoma, excluding p16-positive stage III-IVA (AJCC 7th edition) oropharyngeal cancer. Patients with p16-positive nonoropharyngeal cancer or stage IVB oropharyngeal cancer (p16 positive or p16 negative) were eligible. All patients were treated with definitive intent, not postoperatively. All patients with primaries of the salivary gland, paranasal sinus, and oral cavity had unresectable disease based on skull base or base of tongue involvement. Patients were required to be 18 years or older and have an Eastern Cooperative Oncology Group (ECOG) performance status 2. Laboratory requirements for enrollment included absolute neutrophil count ! 1,800 cells/mm 3 ; platelets ! 100,000 cells/mm 3 ; hemoglobin ! 8.0 g/dL; bilirubin 1.5 mg/dL; liver enzymes twice the upper limit of normal; serum creatinine 1.5 mg/dL; and international normalized ratio < 1.5.
Patients were ineligible if they had evidence of metastatic disease, any prior anticancer treatments (e.g., chemotherapy, radiation, or surgery), or any active immunosuppressive systemic infection, including HIV, AIDS, and hepatitis B or C. In addition, patients were excluded if they were on immunosuppressive therapy or had immune disorders, such as autoimmune disease, including clinically significant dermatologic disorders (e.g., eczema or psoriasis). Prior splenectomy, previous organ transplantation, and prior gene therapy or virus treatments were also grounds for exclusion.
The study was sponsored by Genelux and was registered at ClinicalTrials.gov (NCT01584284). It was conducted in accordance with recognized ethical guidelines (Declaration of Helsinki) and was approved by the University of California San Diego Institutional Review Board. Written informed consent was obtained for all patients.
Treatment details
Patients received GL-ONC1 as an intravenous infusion with concurrent chemotherapy and radiation. The dose of GL-ONC1 was escalated in each cohort as follows: GL-ONC1 was administered as a single treatment on day 3 in cohort 1 at 3 Â 10 8 plaqueforming units (pfu); cohort 2 at 1 Â 10 9 pfu, and cohort 3 at 3 Â 10 9 pfu. In cohort 4, GL-ONC1 was administered at the same dose as cohort 3 (3 Â 10 9 pfu) on days 3 and 8. The number of GL-ONC1 treatments was increased to 4 doses in cohort 5 (days 3, 8, 15, and 22) at the same dose level as cohorts 3 and 4.
Intensity-modulated radiotherapy was delivered with a prescription dose of 70 Gy to gross tumor in 33 to 35 fractions daily with 5 fractions per week. Additional high risk and standard risk clinical treatment volumes received doses of 59 to 66 Gy and 50 to 54 Gy, respectively. Concurrent chemotherapy consisted of cisplatin dosed at 100 mg/m 2 given on days 1, 22, and 43. Repeat head and neck CT was obtained during weeks 3 to 5 of treatment to reoptimize the radiation treatment plan in response to tumor changes or weight loss. Dose modifications and indications for holding cycles of cisplatin included neutropenia, thrombocytopenia, poor renal function, and grade 3 or higher nausea, neurotoxicity, or mucositis.
Safety and DLT
The safety profile of GL-ONC1 was assessed by the type, frequency, and severity of adverse events (AE) and serious adverse events (SAE). Changes in laboratory values, immunogenicity, and physical examination were also incorporated into the safety evaluation. DLT was defined as grade !4 toxicity or grade !3 mucositis or skin reaction in the radiation field persisting >6 weeks after completion of therapy. All AEs and SAEs were graded using the Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0. AEs and SAEs were assessed weekly during treatment and at posttreatment follow-up visits at weeks 11, 15, and 23. Toxicity results are presented without regard to whether they were felt to be attributable to the experimental therapy. For assessment of viral shedding, patients had VPA titer testing from oral swab and urine samples within 1 to 2 weeks following administration of the GL-ONC1 virus. After the study phase, patients were followed per routine standards of care. Long-term follow up for PFS and OS continued for 3 years.
Antitumor and efficacy assessments
Within 4 weeks before beginning therapy, a diagnostic CT, MRI, or PET/CT of the tumor was obtained. Posttreatment diagnostic
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CT scans of the neck and chest were obtained at week 15, and diagnostic PET/CT was obtained at week 23.
Translational analyses
In patients with accessible tumors who consented for an additional biopsy, tissue was obtained for cell culture sensitivity to GL-ONC1 and other vaccinia virus within 4 weeks prior to beginning treatment. In addition, a tumor biopsy was obtained from consenting patients during weeks 2 or 3 of therapy after receipt of the GL-ONC1 virus to measure the presence of virus using qPCR and/or VPA.
To assess the sensitivity of tumor tissue to GL-ONC1 infection, baseline biopsy tissue was infected ex vivo with vaccinia virus strain GLV-1h68. GLV-1h68 is the laboratory strain of GL-ONC1 and contains three expression cassettes encoding for the biomarker genes for a Renilla luciferase-GFP fusion protein, b-galactosidase and b-glucuronidase, respectively, which are expressed upon successful replication of the virus (13) . Briefly, tumor tissue was weighed, cut into smaller pieces of 1 mm 3 or less, transferred to cell culture inserts in culture plates containing DMEM supplemented with 2% FBS and 1% antibiotics-antimycotics (Invitrogen Corporation), and infected with 1 Â 10 5 pfu/mg tissue of GLV-1h68. Culture media were replaced after 2 hours and plates incubated at 37 C and 5% CO 2 for 72 hours. Tumor tissue was then evaluated for GFP expression, harvested, and analyzed by standard plaque assay on CV-1 cells (ATCC #CCL 70) to determine viral titer. In addition, the supernatant was tested for Escherichia coli (E. coli) b-glucuronidase activity according to the published method (19) . Briefly, supernatant was serially diluted and incubated with 4-methylumbelliferyl b-D-glucuronidase (MUGlcU) substrate in Costar 384-well plates (Corning Life Sciences) for 1 hour at 37 C. Fluorescence was read at an excitation wavelength of 365 nm and emission wavelength of 455 nm using a Spectra Max M5 (Molecular Devices). b-Glucuronidase activity was calculated using an E. coli b-glucuronidase standard with defined enzymatic activity and reported as pg/mg tissue.
To determine the presence of viral DNA in tumor tissue samples, DNA was isolated using the QIAGEN DNeasy Tissue Kit (Qiagen). DNA was analyzed with Real-time qPCR Kit (Genelux proprietary, custom-made with A21L-specific primers by MicroCoat Biotechnologie GmbH) for the detection of vaccinia virus A21L gene using a LightCycler instrument (Roche Diagnostics GmbH). Data were reported as copies/mg tissue. Live virus was analyzed on the basis of standard VPA.
Urine, oral swabs, and lesion or rash swabs were evaluated by VPA to determine the extent of viral shedding posttreatment with GL-ONC1. Briefly, urine and swab samples were diluted in culture media and used to infect CV-1 cells (ATCC #CCL 70) by standard viral plaque assay to determine the viral load in the shedding samples.
Statistical analyses
A 3 þ 3 design was employed with cohorts of 3 to 6 patients enrolled at each dose level until the MTD was reached or the study concluded. The final sample size was dependent on observed toxicities. Statistical analysis of tumor response and time-to-event analyses was conducted in R. Time-to-event outcomes were estimated using the Kaplan-Meier method.
Results
Study sample
Between May 2012 and December 2014, 24 patients were consented, and 19 eligible stage IV patients were enrolled in the study. The reasons for screen failures included ECOG performance status of 3 (n ¼ 1), p16-positive oropharynx cancer (n ¼ 1), metastatic disease at presentation (n ¼ 1), infection (n ¼ 1), and noncompliance with screening laboratories (n ¼ 1). The mean age of the cohort was 56.0 years. The majority of patients were male, Caucasian, with good baseline performance status (ECOG 0 or 1), and had p16-negative, stage IVA tumors (Table 1) .
Safety and toxicity
This section includes safety data reported up to the date of manuscript submission. The most commonly reported adverse reactions considered related to GL-ONC1 were rigors, pyrexia, fatigue, hypotension, nausea, vomiting, and rash and pox-like lesions ( Fig. 1A and B ). Fluorescence imaging and VPA were used to confirm the viral origin of rash in 2 patients. Other common toxicities considered related to standard therapy were mucositis, dysphagia, thrombocytopenia, and radiation dermatitis ( Table  2 ). There were no grade 4 acute toxicities considered related to GL-ONC1 (Table 2) . One diabetic patient developed grade 4 hypoglycemia. The median treatment duration was 50 days (range, 42-66). One patient received 32 of 33 planned fractions; all others completed the entire course.
The MTD of GLONC-1 was not reached in this trial. One patient in cohort 4 experienced a myocardial infarction, which, according to the protocol at the time of the event, was considered a DLT, although this event was considered unlikely related to the experimental therapy. Per protocol requirements, the sample size was expanded in this cohort to 6 patients. DLTs were not reported in cohort 5 where patients received 4 weekly bolus intravenous infusions of GL-ONC1 at 3 Â 10 9 pfu concurrently with chemoradiation treatment. Fifteen patients received 3 cycles of cisplatin, and 4 patients received 2 cycles of cisplatin. There was no correlation between cycles of cisplatin and increasing dose of GL-ONC1. One patient each in cohorts 1, 2, 3, and 4 received two cycles of cisplatin. All patients in cohort 5 tolerated 3 cycles of cisplatin. Reasons for held cycles of cisplatin included poor renal function, neutropenia, and nausea/emesis.
Viral shedding and replication
The analysis of urine and oral swabs showed no viral shedding in any patients 1 to 2 days postinfusion of GL-ONC1. Skin rashes were found positive for virus by standard plaque assay in 2 patients, one of which was found to be GFP positive. Viral infection of tumor tissue was confirmed through qPCR of viral DNA or by viral plaque assay in 5 patients. In 4 patients, viral presence in tumor was confirmed on midtreatment biopsy by qPCR for A21L gene (Table 3 ). However, it should be noted that recovery of viral DNA (in the absence of evidence of the virus being replication competent) is not sufficient to conclude that the virus is biologically active.
In addition, live GL-ONC1 virus (2.9 Â 10 3 pfu) was detected in a swab of a tumor lesion on the tongue of one patient in cohort 5 7 days after receiving the first dose of virus. Tumor susceptibility to viral infection ex vivo was confirmed in 11 of 13 patients, as indicated by positive readings for VPA, GFP, or b-glucuronidase activity ( Table 4 ). In 7 of 13 patients, the viral titers of the infected tumor tissues by VPA were not defined (ND). A nondefined viral titer was not indicative of tumor tissue not being susceptible to the virus infection, as some of the ND tumor tissue samples demonstrated strong positive readings for GFP and/or b-glucuronidase activity. The ex vivo viral titer was presented as the titer above the medium control, which was the titer of the same amount of virus after 3 days of incubation in the culture medium. The interference from tissue matrix can lead to a false-negative result or an underestimation of the amount of virus. GL-ONC1 replication in the tumor tissues was confirmed in 9 patients by b-glucuronidase assay with 4 patients not tested. The b-glucuronidase assay appeared to be the most sensitive and least prone to the matrix effect among the three methods in detecting active viral infection ex vivo.
Treatment outcomes
With median follow-up of 30 months, there were 7 treatment failures and 7 deaths. Of the 7 treatment failures, 3 were locoregional, 3 were distant, and 1 was both local and distant. Of the 7 deaths (all unrelated to GL-ONC1 treatment), 5 were due to progression of the head and neck cancer, 1 was due to a second primary cancer of gastrointestinal origin, and 1 was due to noncancer causes. Posttreatment PET/CT was obtained at 4 months in 18 patients; 1 patient died 3 months posttreatment. PET/CT was negative in 11 patients, showed partial response in 4 patients, and was positive in 3 patients.
PFS estimates at 1 and 2 years were 74.4% [95% confidence interval (CI), 57.3-96.5] and 64.1% (95% CI, 46.0-89.4), respectively (Fig. 2) . OS estimates at 1 and 2 years were 84.6% (95% CI, 70.0-100.0) and 69.2% (95% CI, 51.5-93.1), respectively (Fig.  3 ). All treatment failures and deaths occurred in the 14 patients with p16-negative tumors. The 5 patients with p16-positive tumors were all alive and free of disease with median follow-up of 36 months. PFS estimates at 1 and 2 years for patients with p16negative tumors were 65.5% (95% CI, 45.1-95.2) and 51.8% (95% CI, 31.5-85.0), respectively. OS estimates at 1 and 2 years 
Discussion
A novel aspect of our study is that GL-ONC1 was delivered as an intravenous infusion, which allows for a less complicated systemic delivery of virus as compared with intratumoral injections. In addition, GL-ONC1 was investigated in combination with concurrent chemoradiotherapy for locally advanced head and neck cancer (i.e., against a highly toxic standard treatment backbone). We found that intravenous administration of GL-ONC1 was well tolerated in single and multiple escalating doses and was feasible in patients receiving standard chemoradiotherapy, which is consistent with the results of other clinical trials investigating oncolytic viruses (8, 9, 23, 24) . The results of this trial also suggest that GL-ONC1 may be a feasible treatment option with less toxic standard treatment approaches, such as concurrent radiation alone, or as monotherapy in a neoadjuvant or adjuvant treatment setting.
Our study of GL-ONC1 adds to the growing evidence supporting the use of oncolytic viruses to treat malignancies. Oncolytic viruses have numerous potential mechanisms of direct oncolysis and immune-mediated tumor destruction. Preclinical evidence indicates that viral therapies can have a direct oncolytic effect on tumor cells. In addition, oncolytic viruses can improve tumor regression when combined with radiation and chemotherapy (19) (20) (21) (22) . Replication of viruses in tumor cells can also elicit a beneficial immune response, representing a novel avenue of oncolysis (25) . Oncolytic viruses can also be engineered to stimulate antitumor immunity. Interestingly, an oncolytic HSV-1 encoding GM-CSF has demonstrated efficacy in melanoma patients (26) .
Altogether, these findings argue for further investigation of oncolytic viruses in phase II and III clinical trials. Notably, our outcomes in p16-negative patients compare favorably with results from Ang and colleagues (6) , despite the inclusion of nonoropharynx patients with exclusively stage IV tumors. However, our sample was quite small, precluding any meaningful conclusions regarding the efficacy of GL-ONC1 in this setting, which await testing in later phase randomized trials. Potential strategies include combining oncolytic viruses with chemoradiation for patients with HPV-negative head and neck cancer, given the aggressiveness and poor prognosis of these tumors. Viral therapy also has potential as a replacement for conventional cytotoxic chemotherapy (e.g., cisplatin) for patients with favorable tumors. Further study of oncolytic viruses is needed to improve the delivery and effectiveness of this treatment strategy.
There are several immunologic challenges and potential limitations to the use of oncolytic viruses in clinical practice. Innate immunity and complement may impede delivery of oncolytic viruses, especially with the intravenous approach (27) . However, transportation by cells may also protect virus during intravenous delivery, despite the presence of neutralizing antibodies prior to infusion (28) . The role of adaptive immunity in limiting the benefit of repeated administrations of virus is unknown and requires additional study. Coadministration of viruses with immunotherapies, especially complement-binding agents, may maximize the benefit of oncolytic viruses. Oncolytic viral therapy also has a unique toxicity profile, including fevers, rigors, and poxlike rash. We excluded patients in this study who had active immunosuppressive infections, were on immunosuppressive therapy, or had clinically significant autoimmune disorders. The efficacy and toxicity of viral therapies in these patients is unknown.
In conclusion, GL-ONC1 delivered as an intravenous infusion with concurrent radiation and chemotherapy was well tolerated in patients with locally advanced head and neck cancer. Viral infection of tumor tissues by intravenously delivering GL-ONC1 was confirmed by qPCR and/or VPA. Favorable results in terms of PFS and OS were observed with GL-ONC1 treatment as compared with historical data, within the limitations of a small sample size. This is the first clinical trial of intravenous viral therapy with standard concurrent chemoradiotherapy for the definitive treatment of head and neck cancer. Further investigation of this novel treatment strategy is warranted.
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